Degassing of planetary interiors through surface volcanism plays an important role in the evolution of planetary bodies and atmospheres. On Earth, carbon dioxide and water are the primary volatile species in magmas. However, little is known about the speciation and degassing of carbon in magmas formed on other planets (i.e., Moon, Mars, Mercury), where the mantle oxidation state [oxygen fugacity (fO 2 )] is different from that of the Earth. Using experiments on a lunar basalt composition, we confirm that carbon dissolves as carbonate at an fO 2 higher than -0.55 relative to the iron wustite oxygen buffer (IW-0.55), whereas at a lower fO 2 , we discover that carbon is present mainly as iron pentacarbonyl and in smaller amounts as methane in the melt. The transition of carbon speciation in mantle-derived melts at fO 2 less than IW-0.55 is associated with a decrease in carbon solubility by a factor of 2. Thus, the fO 2 controls carbon speciation and solubility in mantle-derived melts even more than previous data indicate, and the degassing of reduced carbon from Fe-rich basalts on planetary bodies would produce methane-bearing, CO-rich early atmospheres with a strong greenhouse potential.
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hydrogen | iron carbonyl | magmatic volatiles | experimental petrology M agmas formed through igneous processes on parent bodies in the early solar system span 12 log units in oxidation state, from 6.3 log units of oxygen fugacity (fO 2 ) below the iron wustite oxygen buffer (IW) to 6 log units above the IW (IW−6.3 to IW+6) (1) (2) (3) (4) . Over the wide range of basalt fO 2 observed in these planetary bodies, thermodynamic data for the C-O-H gas system indicate that there are significant changes in gas phase speciation (5) . These differences should be reflected in how volatiles are dissolved in magmas, but carbon speciation experiments for basaltic systems are limited, particularly at low fO 2 . The developing evidence for volatiles in magmas erupted on the Moon (6, 7) as well as on Earth (3, 8) , Mars (9) (10) (11) (12) , and Mercury (13) is a strong incentive to improve our understanding of C-O-H speciation and solubility in planetary basaltic magmas.
Previous experimental studies on the speciation of carbon in Fe-free silicate systems under reducing conditions or at fO 2 < IW show carbon is dissolved as methane (14) (15) (16) . However, under more oxidizing conditions in basaltic melt compositions, carbon is dissolved as carbonate (17) (18) (19) , and the transition in speciation from methane to carbonate has long been debated as either occurring at more reducing conditions than IW+1 (20, 21) or at more oxidizing conditions (15) . Another study (22) shows that a significant amount of C 4+ (carbonate) can be incorporated at extremely low fO 2 (IW−4.5) if Fe and alkalis are present in the melt. Additional experiments on Fe-bearing basalt are clearly required to resolve the conflicts in existing data. The results are important in understanding the residence time of carbon in the mantle and the rate of carbon degassing during the early evolution of terrestrial planets and their atmospheres (23, 24) .
In this experimental study, we report the change in speciation and solubility of carbon in graphite-saturated, primitive Fe-rich basaltic melts as a function of pressure and fO 2 . Most glasses contained 300-2,000 ppm of H 2 O [calculated from secondary ion mass spectrometry (SIMS) hydrogen; full experimental and analytical methods are provided in SI Text], but a few exploratory experiments contained higher abundances up to 25,000 ppm of H 2 O. We conducted experiments on a synthetic Apollo 15 green glass (GG) composition (SI Text), which is similar to a komatiitic melt. This high FeO melt composition is comparable to hot, early mantle-derived melts with 18-20 wt% FeO (25) from various terrestrial bodies (i.e., Moon, Earth, Mars, Vesta). Three buffers were used to explore a range in fO 2 ( Fig. 1 and SI Text) . A piece of Fe or FeNi metal was placed in the pressed pellet of the starting composition to buffer the experiment at ∼IW−1.1 or ∼IW+0.9, respectively. If a metal buffer was not present, the graphite-CO buffer (GCO) set the fO 2 for these vapor-saturated experiments based on the run pressure (26). As seen in Fig. 1 , the experimental glasses are categorized into two different fO 2 groups: reduced (IW−0.55 to IW−2) and oxidized (IW+1.5 to IW−0.55).
For each of the fO 2 data groups, the dissolved carbon content of the vapor-saturated melt increases linearly with increasing pressure (Fig. 2 ). All samples plotted contain 100-15,000 ppm of dissolved H 2 O (SI Text), a range consistent with inferred water content for most basalts from terrestrial planets (7, 11, 27 ). The reduced fO 2 glasses contain 8-240 ppm of C for pressures between 36 and 900 MPa. The oxidized fO 2 glasses contain 32-1,500 ppm of C for pressures between 98 and 1,000 MPa. The oxidized fO 2 glasses define a single carbon solubility trend with pressure, except for GG-14, which contains 1,500 ppm of C at 1 GPa. This experiment has the highest water content (2.5 wt% H 2 O) by at least a factor of 2, as well as a much higher carbon content. This sample appears to confirm that water-rich melts can dissolve more carbon by increasing depolymerization of the melt structure, which leads to an increase in carbonate group solubility (28). GG-14 was not included in the linear regressions because it has a much higher water content than data indicate for planetary basalts.
The results of our experiments show there is a decrease in carbon solubility by a factor of ∼2 at fO 2 s lower than IW−0.55 (SI Text). Our carbon solubility relationships are determined for, and are applicable to, high FeO and MgO komatiitic-like melts. The carbon solubility for the reduced glasses equilibrated at fO 2 < IW−0.55 is given by the following relationship: C (ppm) = 0.2438 * P (MPa) (r 2 = 0.9816), where P is pressure. The oxidized glasses equilibrated at fO 2 > IW−0.55 follow a separate trend for carbon solubility: C (ppm) = 0.5605 * P (MPa) (r 2 = 0.9163). Previous work (21, 29) indicates that carbonate solubility decreases significantly with decreasing fO 2 , but our results show that more carbon is dissolved at reduced conditions than is suggested by previous work. The two different carbon solubility-pressure trends appear to result from a difference in carbon speciation.
Raman and FTIR spectroscopy were used to determine the carbon species dissolved in our experimental glasses (Fig. 3) . We found the reduced samples contain iron carbonyl [Fe(CO) 5 ], as well as minor methane (CH 4 ) in a few experiments, whereas the oxidized glasses have carbonate as the only dissolved carbon species. In the Raman spectra of the reduced glasses, peaks at 2,110 and 2,900 cm −1 are due to the CO vibrations associated with Fe(CO) 5 (30) and dissolved CH 4 (14) , respectively ( Fig. 3 A  and B) . Dissolved Fe-carbonyl is also seen in FTIR spectra (31) (Fig. 3C) . In addition, we observe a weak band at 3,370 cm −1 in FTIR spectra of reduced glasses (GG-24 and GG-25), which also display the 2,110-cm −1 Fe-carbonyl peak. Although the peak could arise from molecular H 2 O, recent studies have attributed peaks at 3,350 cm −1 (15), 3,310 cm −1 (14) , and 3,290 cm −1 (32) to C-H stretching in alkyne groups. Another study (33) assigns peaks at 3,188, 3,293, and 3,377 cm −1 to N-H bonds. Overtone bands of carbonyl stretching vibrations can also occur at 3200-3600 cm −1 (31). Due to the number of possible explanations, the 3,370-cm −1 peak observed in GG-24 and GG-25 cannot be definitively assigned at this point. Molecular CO would appear at 2,150 cm −1 in Raman and FTIR spectra (19, 34) ; thus, the presence of the observed peak at a lower wavenumber indicates the CO molecule is bonded within the melt to Fe as a carbonyl. Carbonate peaks were only distinguishable using FTIR (Fig. 3C) . The carbonate doublet is located at 1,430 and 1,530 cm −1 in only the oxidized glasses (35). The total water peak, dissolved OH and molecular water, is identified at 3,550 cm −1 in all the glasses measured with Raman (36) and FTIR (37) spectroscopy. Due to the high water content, GG-14 contains a molecular water peak at ∼1,630 cm −1 in FTIR spectra (18) and a minor H 2 peak at 4,100 cm −1 in Raman spectra (38). As shown by the peak at 3.550 cm −1 in Raman and FTIR spectra, the reduced glasses have lower water content than the oxidized glasses.
Hydrogen solubility and speciation also are fO 2 -dependent (39), and experiments investigating this trend are currently underway.
Given the pressure dependence of the GCO fO 2 buffer, the graphite-buffered experiments allowed us to look at carbon speciation over a range of fO 2 from IW−2 to IW+1.5. The metal buffers provided a fixed fO 2 for a range in pressure, which allowed us to determine speciation at higher pressures, and thus for larger amounts of dissolved carbon in the glass. Using FTIR and Raman spectroscopy, we observe the transition from more reduced carbon (iron carbonyl and minor methane) to oxidized carbon (carbonate) species occurs in a discontinuous fashion at ∼IW−0.55 (Fig. 4) . This transition in dissolved carbon species occurs at much more reducing conditions in our basaltic composition than previously observed for a simplified silicate system (15) . The observation that carbonate is dissolved in haplobasaltic melts and synthetic Martian basalts down to IW+1 (20, 21) is consistent with the fO 2 range we observe (Fig. 4) . Previous studies (14) (15) (16) found methane as the only dissolved carbon species within the fO 2 range of our reduced experiments (fO 2 < IW−0.55), but these prior studies used Fe-free basaltic composition and obviously did not contain dissolved iron carbonyl. Therefore, carbon speciation is a function of melt composition as well as fO 2 . This study reports evidence for CO, dissolved as Fe (CO) 5 , in basaltic glass, which results in higher carbon solubility for Fe-bearing planetary basalts under reduced conditions than previously reported CO (19) and CO 2 (21, 29) solubilities.
Based on fO 2 estimates, we are now able to determine how carbon is speciated in basalts on different planetary bodies (Fig.  4) . As discussed previously, we expect carbon to dissolve as different species in Fe-bearing basaltic melts depending on the fO 2 of the planetary bodies (1) (2) (3) 13) . Early magmatism in terrestrial planets and satellites (i.e., Earth, Mars, Moon, Vesta) has produced basaltic melts with up to 20 wt% FeO (6, 21, 25) due to initial high temperatures and pressures of melting. Like these terrestrial planetary bodies, eucrites represent reduced partial melts that contain enough FeO (18-24 wt% FeO) to dissolve significant amounts of carbon as iron carbonyl, as well as a small amount of methane. In contrast, magmas present in partially Fig. 1 . Plot of log fO 2 and pressure for known buffers and experimental glasses. Two fO 2 ranges are given by the shaded areas and correspond to the data point colors for each experimental glass: IW+1.5 to IW−0.55 (yellow), and IW−0.55 to IW-2 (red). The Fe metal-buffered experiments (squares) and FeNi metal-buffered experiments (diamonds) occur along a constant fO 2 for different pressures. The GCO buffer (green curve) defines the fO 2 for the graphite-buffered experiments (circles) at various pressures. The GCO buffer fO 2 lower limit is confirmed by analyzing the metal produced (triangles), and the upper limit is confirmed using the micro X-ray absorption near-edge structure detection limit (XANES D.L.) (SI Text). melted enstatite achondrites (aubrite vitrophyres) are probably too low in FeO (1) to contain iron carbonyl, and the same conclusion may hold for Mercury (40, 41). Other meteorites (e.g., angrites) with high FeO content have an oxidation state greater than IW−0.55; thus, partial melts from parent bodies with similar compositions and oxidation states would have dissolved carbon primarily as carbonate (1) . Depending on the exact fO 2 , the Moon (IW to IW−2) (1) could either have iron carbonyl and methane or only carbonate dissolved in mantle-derived melts. However, the ubiquitous presence of Fe-metal in lunar basalts and glasses suggests a lower fO 2 of IW−2 (26), and that carbon was probably dissolved mainly as carbonyl and possibly some methane.
We conclude that oxidized mantle-derived melts can carry twice the amount of dissolved carbon compared with reduced melts at similar pressures, and this has potential consequences for the transport of carbon from the mantle to a planet's surface (42) for bodies that experienced volcanism. Planetary bodies with low water contents and initial oxidation states greater than IW−0.55 [i.e., Earth, possibly Mars and the angrite parent body (1)] would have a relatively decreased carbon content in the mantle because of the increased transfer of carbon from mantle to melt, and therefore to the exosphere (crust and atmosphere). For reduced bodies (i.e., Moon, Mercury, early Mars), ascending magmas with similar dissolved carbon would reach carbon saturation and produce a gas phase at pressures twice that of oxidized magmas (i.e., Earth), facilitating the degassing process (42). This greater depth of gas formation is consistent with the common occurrence of pyroclastic deposits formed by explosive eruptions on these reduced planetary bodies [e.g., Moon (6)].
The fO 2 of basalts formed in early volcanic eruptions exerts a strong influence on the composition of initial planetary atmospheres. Using early Mars as an example, we can estimate the atmospheric pressure of carbon species produced from the formation of an ancient (4.5 Ga) basaltic crust and compare this with previous calculations (29). Assuming a 50 km-thick (1.9 × 10 22 kg) crust initially melted at a depth of 1.2 GPa, a carbonsaturated oxidized melt (fO 2 > IW−0.55) would contain 665 ppm of dissolved C. If the Martian mantle was initially reduced at fO 2 < IW−0.55, the carbon concentration in the melt would be 293 ppm of C [70-400 ppm of C has been measured in Martian meteorite melt inclusions (10)]. Assuming an oxidized mantle will degas carbon as CO 2 , the formation of the crust will produce 11.7 bars of CO 2 . If the basaltic melts formed under reducing conditions, the partial pressure of CH 4 outgassed is only 1.3 bars. Although dissolved CH 4 is minimal in the melt, there is the potential for this carbon species to degas more efficiently because CH 4 is not bonded into the melt as strongly as Fe(CO) 5 . However, when CO degases as Fe-carbonyl dissociates at low pressures, the partial pressure of the resulting CO gas is 1.0 bar, resulting in a total of 2.3 bars or a fifth of the total pressure for the oxidized CO 2 atmosphere (43). This ratio of CH 4 to CO degassing will change depending on the depth of degassing. At greater pressures, a reduced atmosphere will be CH 4 -rich, but it will change to being CO-rich at shallower depths (43). For the crust formation conditions assumed, an oxidized Martian melt would produce a thicker atmosphere than a reduced melt, but both oxidized and reduced melts would degas more carbon than previously reported (21, 29) . This increase in carbon solubility compared with previous studies results from considering a higher nonbridging oxygens per tetrahedrally-coordinated cation (NBO/T) melt composition in our experiments. As discussed above, more carbon is degassed at reduced conditions when considering CO and CH 4 degassing in addition to the small amounts of CO 2 . However, the greenhouse effect of CH 4 
SI Materials and Methods
We synthesized a very low Ti glass composition similar to the A15 green glass (GG) type C composition (1, 2). The GG starting material is a homogenized mixture of high purity reagent-grade oxides and carbonates (Table S1 ). The starting material was reduced and decarbonated at 950°C in a 1-atm gas-mixing furnace for 6 h. As determined by experience, a CO/H 2 gas ratio representing an oxygen fugacity (fO 2 ) near the iron wustite oxygen buffer (IW) was set during the reduction of the experimental samples. Part of the GG starting material was modified by adding 100-400 ppm of Ni and 0.1-0.2 wt% volatiles (i.e., S, Cl, F) as sulfide, chloride, and fluoride, and is referred to as the green glass volatile (GGV) starting material. We pressed 100 mg of the starting material into cylindrical pellets, which we then wrapped in Fe-foil and encased in a sealed, evacuated silica glass tube. The tubes with GG pellets were placed in a 1,000°C furnace at 1 atm for 12 h to remove all excess carbonate and ferric iron, as well as to set the initial oxidation state further. The GGV pellets were similarly annealed, but at 600°C to avoid S-loss from the powder in the pellet. This process results in the desired initial fO 2 , which is confirmed by a thin scattered FeO coating on the Fe-foil after the annealing process. Individual experimental samples were packed and sealed in a Pt tube with excess graphite separating the sample from the Pt to prevent Fe loss. The graphite in the capsule also serves as the source of C and H during the experimental runs. One set of experiments was heated for 3 h in a vacuum-pumped silica tube to remove some of the absorbed/adsorbed water in the packed graphite (denoted in Table S2 as dried graphite in run products). Experiments GG-11, GG-14, GG-19, and GG-24 contained an additional 1-2 wt% water in the experimental charge. A series of experiments contained a piece of Fe-metal foil in the pressed pellet to buffer the experiment at IW−1.1 (see discussion below). Another set of experiments were run with Fe 80 Ni 20 wire pressed in the pellet to buffer the experiment at a higher fO 2 . The experiments run in graphite with no additional buffer followed the graphite-CO (GCO) buffer, which changes fO 2 with pressure ( Fig.  1) . The fO 2 of these experiments was confirmed using secondary ion mass spectrometry (SIMS), electron microprobe (EMP), and micro X-ray absorption near-edge structure (μ-XANES) analyses of silicate glass (and metal when present).
We pressurized the graphite-saturated experiments in Brown University's Harwood internally heated pressure vessel (IHPV), and then raised the experiments to a final temperature of 10-20°C above the composition's liquidus temperature (i.e., >1,450°C for this GG). The samples were run in a high purity Ar medium with the IHPV axis oriented horizontally. A Mo-wound furnace with a central Pt-Pt 90 Rh 10 thermocouple produced the desired temperature for the experiments. We placed the experimental capsules in the hot spot of the furnace and isolated the capsules with short ceramic plugs to prevent gas convection within the vessel. Each experiment started at an initial pressure at room temperature and then increased to the run temperature and desired pressure of 45-270 MPa for over 1 h. These isothermal experiments were run above the liquidus temperature to prevent any crystallization during the experiments. We adjusted the Ar pressure at a controlled rate to a final pressure (35-270 MPa) and held the pressure constant for 1-3 h. At the end of the runs, we rotated the vessel vertically, allowing the experimental capsule and ceramic plugs to fall onto the cold closure-piece of the IHPV. Based on the temperature recorded in the sample position, the sample dropped below the glass transition temperature (∼900°C) within 5 s, allowing the sample to quench at pressure. A gas phase was noted by an audible hiss on the opening of the samples (Table S2) . In some experiments, vesicles in the glass, mainly along the glass-graphite capsule margin, also confirmed a coexisting gas phase in the experiment. Most samples were quenched largely or entirely to a glass, but a few contained small euhedral (1-2 μm) olivine crystals and others contained a region of devitrified (fine acicular needles) glass adjacent to the graphite-glass contact. Samples were mounted, ground, and polished for analytical examination (preparation discussed below). Run times, conditions, and products are listed in Table S2 .
Reversal experiments were also conducted to demonstrate equilibrium. The reversal experiments consisted of using a chip of glass from a previous experiment. Reversal experiments were completed by running this chip of glass at a higher pressure (100-200 MPa) for 1 h and then decreasing the pressure to a final pressure over 15-30 min and holding at these conditions for 2 h. The results of these experiments are comparable to those of experiments taken directly to the same final pressure.
Six experiments were conducted at 1,500-1,530°C at 0.8-1 GPa using a 19.2-mm piston cylinder apparatus at Brown University. The furnace assembly consists of a triple crimped platinum capsule sandwiched between two crushable MgO spacers and enclosed within an MgO sleeve. A graphite furnace, a Pyrex sleeve, and salt cells surrounded the whole MgO assembly. A graphite inner sleeve lined the platinum capsule (5.5-mm outer diameter and 180 mm long) and contained the pressed powder pellet. Experiments with metal buffers added to the pellet are noted in Table S2 . A total of 1-2 wt% H 2 O was added to some samples before welding the Pt capsule. We used a hot piston-in approach for the run. The charge was cold-pressurized to an initial pressure and then raised to the final pressure after reaching the final temperature [1,500°C, raising the temperature (T) at a rate of 75°C/ min]. The temperature was measured using a W 97 Re 3 -W 75 Re 25 thermocouple and a Eurotherm 818 controller. Based on an extrapolation of lower pressure liquidus temperatures to 8-10 kbars, the recorded temperature of these experiments is considered accurate to ±10°C. The experiments were quenched isobarically after 1 h at pressure and temperature.
Analytical Methods. We analyzed the experimental GGs for major element compositions using the Brown University Cameca SX-100 EMP and the JEOL 733 Superprobe at the Massachusetts Institute of Technology. Interlaboratory corrections were not required after reproducing the compositions within error of several samples analyzed with both instruments. All excess experimental phases were analyzed on the EMP, including the Fe and FeNi metal spherules and olivine quench crystals (Table S3 ). The 2σ% errors reported are calculated by normalizing the SD of the analyzed points (5-10 spots per glass experiment) by the average of the glass sample and then multiplying this normalized SD by 200. We mounted each sample on a glass slide or in an indium mount and polished the sample with a final grit size of 0.3 μm. Each thin section and indium mount was carbon-coated in preparation for EMP analysis after removing any previous coatings (i.e., Au coating from SIMS analysis). A 15-kV acceleration voltage, 10-nA beam current, and a defocused beam with a diameter of 10 μm were used to acquire all glass and metal analyses. We analyzed two basaltic glass chip standards (VG-2B and Alvin 1620-20) to calibrate our glass compositions. The olivine crystals were analyzed for major elements using a 15-kV acceleration voltage, a 15-nA beam current, and a focused beam (diameter <5 μm). SIMS analyses measured C, H, F, Cl, S, and P content of the experimental glasses. We mounted the experimental glasses in indium, along with a synthetic Fo 90 standard used for determination of volatile detection limits. The mounts were polished to a final grit size of 0.1 μm and then coated with Au for analysis. We used the Cameca IMS 6f ion microprobe to analyze all glasses for H, C, F, P, S, and Cl except those measured on the Cameca NanoSIMS 50L scanning ion microprobe (GG-14, GGV-6, and GGV-9 through GGV-19) at the Carnegie Institution of Washington's Department of Terrestrial Magnetism. Fe and FeNi grains were analyzed using the NanoSIMS to determine the exact carbon content to calculate the fO 2 of the experiments. The analytical techniques and methods used in this study are described completely by Hauri et al. (3) and Koga et al. (4) for the 6f ion microprobe and by Saal et al. (5) for the NanoSIMS. The C and H contents of each analyzed glass and metal buffer are reported in Table S3 in parts per million and with the calculated 2σ% errors (calculated using the same method as for the reported EMP 2σ% errors). Reported volatile contents for the glasses are listed as total dissolved C and H because multiple carbon and hydrogen species are dissolved in the glasses. Detection limits were ∼0.56 ppm for H and 0.5 ppm for C.
FTIR measurements were obtained at Northwestern University and Brown University's reflectance experiment laboratory (RELAB) facility. FTIR spectra of GG-14 were measured at Northwestern University and were recorded from 400 to 8,000 cm −1 at a resolution of 2 cm −1 and for 512 scans using a Bruker Tensor-37 spectrometer equipped with a Hyperion microscope, a 250-μm pixel size mercury cadmium telluride (MCT) detector, a KBr beam splitter, and a globar light source. An adjustable aperture ranging from about 25-40 μm was used to collect transmitted light at various spatial resolutions from the sample using a 15× all-reflecting objective. The rest of the spectra were obtained using the Nicolet Nexus 870 FTIR spectrometer at Brown University's RELAB facility. Spectra were recorded from 400 to 8,000 cm −1 at a resolution of 4 cm −1 and for 200 scans using a Nicolet Continuum microscope, an MCT detector, a KBr beam splitter, and a quartz light source.
Raman spectra were collected at Northwestern University using a custom-built, confocal micro-Raman system with a 458-nm diode laser source with a 250-mW output. Neutral density filters were used to reduce the power at the sample to 1-10 mW through a 100× microscope objective. Spectra were collected using an Andor Shamorck spectrograph with 0.3-m focal length and 1,200 lines per millimeter holographic grating. An electronmultiplying CCD camera (Newton DU-970; Andor) recorded the spectra at a resolution of 2 cm −1 between a 0 and 4,200 cm
shift from the laser line. Typical spectra were recorded for 360 s and averaged over three accumulations. The Fe 3+ /∑Fe ratios for GG-14 and GGV-20 were determined using μ-XANES spectroscopy at beamline X26A of the National Synchrotron Light Source, Brookhaven National Laboratory (courtesy of Maryjo Brounce and Katherine Kelley of the University of Rhode Island, Narragansett, RI, and Elizabeth Cottrell of the Smithsonian Institution, Washington, DC). Following the methods of Cottrell et al. (6) , the data were collected using 7,020-7,220 eV of energy raster and the Si [311] monochromators. The Be window was used to decrease the high count rate of Fe, and fluorescence was measured with 9-and 13-element Ge array detectors. The model used by O'Neill et al. (7) was applied to calculate the fO 2 of GG-14 and GGV-20. fO 2 Calculation. As noted in Table S2 , some experiments contained Fe or FeNi metal. The GCO-buffered experiments dropped to pressures below 40 MPa (Fig. 1) resulted in glass, metal spherules, and an excess gas phase. These metal spherules mainly occur at the melt-graphite contact and clearly formed via the carbon oxidation-reduction reaction (8):
FeOðmÞ + CðsÞ = FeðmetalÞ + COðgÞ:
[S1]
Additionally, Fe and FeNi metal used as a metal buffer in some experiments was still present after the experimental runs. Compositions of the experimental glasses and coexisting phases are listed in Table S3 . All metal found occurs as rounded spherical grains, indicating the metal was liquid during the experiment. This is consistent with a melting point of 1,153°C for C-saturated Fe-metal determined by Okamoto (9) . Metal present after each run was analyzed for Fe, Ni, and C content to calculate the fO 2 of each experiment.
Following the methodology of Dasgupta et al. (10), we are able to calculate the fO 2 of these metal-bearing experiments using the following reaction:
The FeO activity in the melt and the Fe activity in the metal can be calculated and used to determine the fO 2 relative to the IW buffer from this expression:
The activity of FeO was calculated for the melt composition by using the major element composition of the glass to determine the mole fraction of FeO and by using an activity coefficient of 1.5, which is reported to be the average value for all melt compositions (10-12). The activity coefficient for Fe in the liquid metal is calculated by using the metal activity calculator of Wade et al. (13) , along with the dissolved carbon content in the metals as measured by SIMS and the Fe and Ni contents as determined by EMP. The calculated fO 2 s for the metal-bearing experiments are reported in Table S2 and plotted in Fig. 1 .
By following the same method as above, the FeNi metal produced during decompression (Eq. S1) has a calculated fO 2 of ∼IW−0.6 and the Fe-metal produced has a calculated fO 2 of IW−1.1 to IW−1.5 (Table S2 ). This result is within error of the GCO buffer (below IW for pressures <40 MPa) for the pressure of each experiment (see discussion on fO 2 variation below). To determine if the high-pressure (P) graphite-buffered experiments (P > 0.8 GPa) also follow the GCO curve, the Fe 3+ /∑Fe ratio was measured for GG-14 and GGV-20 using μ-XANES spectroscopy. Fe 3+ values in all experimental glasses are below the detection limit (Fe 3+ /∑Fe = 0.088) set by Cottrell et al. (6) , which corresponds to fO 2 = IW+1.5 for our glass compositions. This maximum fO 2 is slightly more oxidized than the GCO buffer at these pressures and is an overestimate of the fO 2 upper limit for these graphite-saturated experiments. The GCO-buffered glasses may be slightly more reduced than the GCO curve due to the presence of hydrogen species in the gas phase instead of a pure C-O vapor. Thus, GG-14 and GGV-20 are within the range of the expected fO 2 for the graphite buffer used for these experiments.
We use several methods to calculate the fO 2 for these metalbearing experiments (Fig. S1) . Along with the technique discussed above, Dasgupta et al. (10) calculated and compared two other approaches, finding that these fO 2 values only vary by 0.1-0.2 log units from the initial calculation. We used the thermodynamic approach described by Wade et al. (13) and their metal activity calculator to determine the activity of Fe-metal (a Fe ). The fO 2 s calculated using these a Fe values are within 0.3 log units of the fO 2 s reported in Table S2 . In addition to using the calculator of Wade et al. (13) with our measured metal components, we used the following expression from Darken and Gurry (14):
where γ l Fe is the activity coefficient for Fe in the liquid Fe-C metal alloy and N l C is the mole fraction of carbon in the liquid metal alloy. The amount of carbon dissolved in our Fe and FeNi metal is consistent with the expected quantity determined from phase diagrams for graphite-saturated liquid metal alloys. By assuming an ideal solution of Fe and Ni in the metal, the activity of Fe in the metal can be calculated for all metal-buffered experiments. The methods of both Wade et al. (13) and Darken and Gurry (14) were used with results from three different calculations of the activity of FeO (a FeO ) in the silicate melt. Based on previous studies (10-12), we used a constant FeO activity coefficient of 1.5 to determine the a FeO . In a second approach, we used the experimentally based method of Doyle (15) to calculate the a FeO , and in the last approach, we used the calculation of Kessel et al. (16) with the two different a Fe values. Additionally, we calculated the fO 2 using ideal solution behavior for both FeO in the melt and Fe in the metal. This calculation is the lowest fO 2 determined for the seven different methods used. As seen in Fig. S1 , the six fO 2 calculations (excluding ideal solution behavior) give a range of possible values. The fO 2 range for the Fe-metal experiments is ∼0.3 log units, which is similar to what Dasgupta et al. (10) report. However, a larger variation (∼1 log unit) is observed for the FeNi metal experiments. This variation in the calculated fO 2 and the distance from the GCO curve could be attributed to several factors, including the activity of FeO being lower, the activity of Fe metal being higher, or the metal phases in the glass approaching equilibrium.
Carbon Solubility Regression. To determine the relationship between dissolved carbon and pressure, we used a linear regression to determine the slopes and correlation coefficients for the trends observed in Fig. 2 . As discussed in the main text, two trends are apparent due to the difference in fO 2 and carbon speciation in the experiments. The trend for the reduced carbon experiments has a slope of 0.2438, whereas the oxidized carbon trend results in a slope of 0.5605. To check the validity of these slopes, a York regression was performed for each group using the program Isoplot (17) . We calculated the slope for each group by including all data points and then compared this with the calculated slope for only the low-P experiments (P < 300 MPa). The slopes are the same within error, confirming that the carbon solubility relationship is not significantly influenced by the few high-pressure experimental points (800-1,000 MPa). The errors on the reduced and oxidized carbon slopes are small enough that the two reported slopes reflect distinctly different trends for carbon solubility. The data were also tested using a robust regression calculation in the program (17) . The robust regression slopes are consistent with the above calculations.
The major element concentrations reported in Table S3 do contain some variation. This variation is attributed to an increase in dissolved FeO due to Fe-metal saturation for the Fe-and FeNibuffered experiments or a decrease in measured FeO during the precipitation of Fe-metal at low pressures (18) . We did not find any correlation between the major element concentrations and total dissolved carbon (or total hydrogen). Thus, the observed variation in the melt composition does not influence the carbon or hydrogen solubility.
As discussed in the main text, GG-14 is a high-water sample (2.5 wt% H 2 O), and it indicates that high H 2 O content can have an impact on the solubility of carbon in the melt. The water content of the low-P experiments (P < 300 MPa) is significantly lower. GG-14 is the only high-pressure sample that does not fall on the observed linear trends in Fig. 2 . As discussed above, the other high-pressure experiments (GGV-20, GGV-21, GGV-22, GG-24, and GG-25) do not affect the observed trends because they yield the same slope as the slope determined for only the low-pressure experiments. Therefore, GG-14 is the only sample we see that has enough water to induce greater depolymerization of the melt and a detectible CO 2 solubility in the glass, as reported in previous studies [e.g., Behrens et al. (19) ].
C and H Speciation Model. We used FTIR and Raman spectroscopy to identify the carbon and hydrogen species dissolved in our experimental glasses. The proportion of each carbon and hydrogen species identified by FTIR in the glasses was determined using the SIMS data, FTIR peaks, and a C-O-H speciation model (for the coexisting fluid) (20) . Using the Beer-Lambert law, we quantified the amount of carbonate and water dissolved in glasses (Table S4 (23, 24) , but it is generally below the detection limit for FTIR and Raman spectroscopy. All gas fugacities can be determined in our experiments when graphite and a gas phase are present and the fO 2 is fixed. We calculated the fH 2 /fH 2 O using GFluids (20) and our known experimental parameters (fO 2 , a carbon , P, and T). For the reduced experiments, this ratio is 3-7, whereas this ratio is determined to be 0.5-2 for the oxidized experiments. This increase in fH 2 /fH 2 O with decreasing fO 2 is consistent with the observation that more H 2 and CH 4 are dissolved in our experiments with higher fH 2 (23, 24) .
We are able to develop a simple solubility model for iron carbonyl [Fe(CO) 5 ] by using a C-O-H speciation model with the conclusions made above. The proportion of H 2 and CH 4 was determined using the calculated fugacity from GFluids (20) . Based on this calculation, most of the remaining H appears to be dissolved as H 2 , which is consistent with previous studies (23, 24) . Because only minor amounts of H are associated with CH 4 , most of the carbon dissolved under reducing conditions is Fe(CO) 5 . Based on FTIR, carbonate is not present in the samples used for the model, all of which are below IW−0.55. The calculated fCH 4 and fCO and the relative peak heights in Raman spectra are consistent with this conclusion [i.e., that Fe(CO) 5 is the dominant form of carbon dissolved in the melt under reducing conditions].
By assuming all the reduced carbon is dissolved as Fe(CO) 5 , a solubility relationship is calculated using a method similar to those of recent studies [e.g., studies by Hirschmann et al. (23) and Ardia et al. (24) ]. Iron carbonyl solubility is assumed to be controlled by the reaction: FeðCOÞ 5 ðmeltÞ = FeðmetalÞ + 5COðgÞ;
[S5]
and is used to calculate the equilibrium constant required for the solubility model. The activity of Fe is calculated using SIMS and EMP analyses (see above). The fCO is calculated for each experiment using GFluids (20 3 /mol for a reference temperature of 1,465°C (Fig. S2) . We normalized the lnK for the two experiments above 1,500°C to the reference temperature. All parameters used for this model are found in Table S5 . This basic solubility model can be used to estimate the amount of carbonyl dissolved in FeO-rich basaltic melts; however, the estimate would probably be significantly improved with more experiments that vary the dependent variables (e.g., P, a Fe , and fCO) and by better quantification of reduced carbon dissolved in the melt as CH 4 . *fCO is calculated for each graphite-saturated experiment using the fO 2 calculated and GFluids (20) . † a Fe is calculated using measured Fe, Ni, and C contents with the calculations of Wade et al. (13) .
